Abstract To characterize the frequency of germline mutations associated with Lynch syndrome and review the potential expanded differential diagnoses in very early onset colorectal cancer (CRC) cases without apparent polyposis. Retrospectively reviewed medical records of 96 probands with CRC diagnosed prior to age 36 from three cancer centers. Determined the frequency of germline mutations in probands meeting different clinical criteria used to identify Lynch syndrome. Three of 46 (6.5%) single case indicators (probands without additional personal or family history suspicious for Lynch syndrome) were identified to carry a deleterious or suspected deleterious mismatch repair (MMR) mutation compared with 10 of 19 (52.6%) in the cases meeting at least one additional revised Bethesda guideline, and 11 of 15 (73.3%) in the cases meeting Amsterdam criteria. Two families without MMR mutations were documented to have a germline APC or TP53 mutation after additional clinical features were identified. Our results suggest that single cases of CRC (those without additional personal or family history suspicious of Lynch syndrome) diagnosed prior to age 36 infrequently have identifiable MMR mutations, especially when compared to cases meeting additional criteria.
Introduction
Lynch syndrome, also known as hereditary non-polyposis colorectal cancer, is an autosomal dominant condition associated with up to an 80% lifetime risk for colorectal cancer (CRC) and increased risk for other associated malignancies [1, 2] . One of the hallmark features of Lynch syndrome is the relatively early age of CRC diagnosis. The average age of CRC onset in Lynch syndrome is in the mid 40s, which is decades earlier than the average age seen in the general population [1, [3] [4] [5] [6] [7] . Given the propensity for early onset CRC, age of onset was included in the original Amsterdam criteria (AC I) devised to identify families suspicious for Lynch syndrome [8] . The criteria are defined by at least three individuals with CRC, two successive generations with one individual being a first degree relative of the other two and at least one diagnosis prior to age 50, while the Amsterdam criteria II includes extra-colonic tumors such as endometrial cancer [8, 9] . Guidelines to help facilitate the diagnosis of Lynch syndrome have evolved over the years, while age of onset continues to be a defining criterion [2, 9, 10] . The revised Bethesda guidelines (BG; see ''Appendix'') are currently used to identify individuals suspicious for Lynch syndrome and therefore appropriate for further evaluation [2] .
Very early age of CRC onset, defined here as a diagnosis 35 years of age or younger, is an area of active interest for researchers and clinicians. Previous studies have revealed that probands with CRC diagnosed at these early ages have a high probability of having a germline MMR mutation [11] [12] [13] [14] [15] . Although early age of onset combined with additional features may result in a high probability of having Lynch syndrome, limited data exist as to the likelihood of finding a germline MMR mutation in very early onset CRC cases in the absence of additional personal or family history of Lynch syndrome-associated tumors. Even though limited data exists regarding the chance of finding a mutation in these early onset cases, it has been suggested that the evaluation of Lynch syndrome, regardless of family history, should begin with germline genetic testing versus screening with microsatellite instability (MSI) and/ or immunohistochemistry (IHC) [13] .
Here we characterized the frequency of germline MMR mutations in CRC cases diagnosed prior to age 36, without apparent polyposis. Also reviewed are the potential expanded differential diagnoses of MYH-associated polyposis (MAP), attenuated familial adenomatous polyposis (AFAP) and Li-Fraumeni syndrome.
Methods

Patient selection and data collection
Probands with CRC diagnosed prior to age 36 years were ascertained from hereditary cancer registries at the University of Texas MD Anderson Cancer Center, City of Hope National Medical Center, and Huntsman Cancer Institute at the University of Utah. Patients are recruited into each institutional review board approved hereditary cancer registry through the corresponding cancer genetics program. In addition to the cancer registry, probands from Huntsman were also identified via a CRC research study using the Utah Population Database (UPDB). The UPDB is a genealogic resource linked to state wide cancer registry data [16] . Individuals referred to any site due to a known germline genetic mutation were excluded. Probands with greater than 10 adenomatous colonic polyps at time of evaluation were also excluded to eliminate individuals with a clinically apparent polyposis syndrome.
For each proband, data were retrospectively collected on CRC tumor histology and location, number and histologic type of colonic polyps, additional personal cancer history, and family medical history. Detailed family history information (relatives' current age, age at death and cause of death, medical problems including cancer history and other neoplasms) was obtained by cancer genetic specialists via patient report and medical records, whenever available. For a subset of the Huntsman cohort, family histories were also obtained from genealogy records available through the UPDB. Demographic data, genetic testing, MSI, and IHC tumor testing results were also collected from patient charts.
Testing strategies
Probands were evaluated by the respective centers from 1997 to March 2007. A variety of techniques were utilized to assess for Lynch syndrome including; personal and family medical history review, tumor analysis (MSI and/or IHC), and/or germline genetic testing of the MMR genes. Testing strategies varied for each proband based on a number of different factors including, but not limited to, the center they were seen at, the availability of testing methodologies at the time they were evaluated and patient preference. All individuals identified through the UPDB had MSI analysis with or without IHC studies. Individuals with abnormal tumor analysis were offered genetic testing to identify the germline defect, if one was present. For probands identified through the cancer registries, testing strategies either began with tumor analysis or germline genetic testing of hMLH1 and hMSH2. Genetic testing of hMLH1 and hMSH2 consisted of sequencing of all exons and adjacent introns by standard clinical techniques. Depending on patient preference and technologies available at time of evaluation, genetic testing may have also consisted of sequencing of hMSH6 and rearrangement studies of hMLH1 and hMSH2.
Probands with MSI-high (MSI-H) tumors and absent IHC staining for hMSH2, were assumed to have a germline MMR defect. Individuals with MSI-H tumors, absent staining for hMLH1, and no follow up MMR genetic testing were not included in the statistical analysis evaluating mutation frequencies. Molecular analysis of these probands was deemed uninformative as somatic hypermethylation of hMLH1 versus a germline defect could not be differentiated based on the available results. In addition, probands with tumors showing MSI-low or MSI-stable and/or normal staining of the MMR proteins by IHC analysis, were assumed to be negative for MMR germline mutations. This assumption is based on the high sensitivity of detecting a germline MMR mutation when using MSI and/or IHC analysis [17] [18] [19] .
Personal and family history
Using personal and family history data, probands were categorized based on whether they met certain BGs or AC. By definition, all probands included in this study met BG I, as each had a diagnosis of CRC prior to age 50. Probands that did not meet additional personal or family history criteria were categorized as 'single case indicators'. We also categorized probands using additional personal history of cancer (BG II). Probands in the category 'any Bethesda guideline' met BG II, IV and/or V, but did not meet AC. Certain categories are not mutually exclusive, as probands that were included in the category revised Bethesda guideline II, may have also been included in the categories Amsterdam criteria or any Bethesda guideline. BG III (CRC diagnosed prior to age 60 and the presence of MSI-H histology) was not considered separately due to potential differences in reporting across the three cohorts.
Statistical analyses
Differences in the clinical characteristics and demographics among the three centers were compared with chisquare test for categorical variables and one-way ANOVA for continuous variables. Pearson chi-square test was used to compare the differences in mutations rates among the three centers. All statistical tests were two-sided and differences were considered significant if P \ 0.05. Statistical analyses were performed using SPSS version 14 and SAS version 9.
Results
Clinical characteristics and demographics
A total of 96 probands with CRC diagnosed prior to age 36 were included in the study; their clinical characteristics and demographics are summarized in the ''Appendix''. A small number of probands did not have a pathology confirmation of their CRC diagnosis or family history information available. No statistically significant differences were found among the three centers with respect to gender, age of CRC diagnosis, associated histology, or family history criteria met. However, significantly fewer individuals had right sided CRC tumors in the Huntsman cohort (P \ 0.026).
The average age of CRC onset was 29.4 years with the earliest diagnosis occurring at age 18 years. Nearly half (44.7%) of all CRC tumors occurred proximal to the splenic flexure and 31 of 90 (34.4%) tumors revealed an MSI-H histology. At least three generations of family history data were available for 89 probands and 16 (18.0%) of these met AC I and/or II, 25 (28.1%) met BG II, IV and/or V, and 48 (53.9%) were classified as a single case indicator.
Relationship of testing strategies to molecular results
The results of molecular testing strategies are summarized in Table 1 . Probands were stratified based on clinical criteria met and further categorized based on whether testing strategies for Lynch syndrome started with MSI and/or IHC analysis (somatic approach) versus germline genetic testing (germline approach). The number of individuals that underwent each testing strategy is summarized in Table 1 . Cases with abnormal tumor results (MSI-H or absent staining of MLH1 protein by IHC analysis) but without follow up germline genetic testing, were not included in the last two columns of Table 1 . In addition, three probands did not proceed with any testing for Lynch syndrome, and therefore were not included in Table 1 .
Of the 96 probands included in this study, 86 had an adequate evaluation for Lynch syndrome and 25 (29.1%) of these were found to have a deleterious mutation or suspected mutation in a MMR gene. Out of the 16 cases that met AC I or II, 13 started with tumor analysis while three cases went directly to germline genetic testing of hMLH1 and hMSH2. One of the probands that started with tumor analysis did not have an adequate evaluation due to lack of follow up genetic testing. This proband was excluded from the last two columns of Table 1 . Out of the 15 probands that met AC and had an adequate evaluation, 11 (73.3%) were found to have a germline MMR defect and are listed in Table 2 . Of the nine probands that met BG II, six Single case indicators were significantly less likely to have an identifiable germline MMR mutation than probands meeting AC or any BG (P \ 0.001). No statistical differences were identified regarding mutation status between the probands in the any BG category versus those meeting AC (P = 0.191). In addition, no statistical differences were identified regarding mutation status and different center (P = 0.202).
Mismatch repair mutations
A total of 21 documented germline mutations and four suspected mutations within the MMR genes were identified ( Table 2) . Of the 21 documented germline mutations, 11 were in hMLH1, nine in hMSH2, and one in hMSH6. One of the germline mutations in hMSH2 was classified by the laboratory as a variant of uncertain significance. However, the absent staining of hMSH2 and hMSH6 by IHC analysis was highly suspicious for a germline mutation. The specific mutations were not available for certain probands due to IRB restrictions in sharing information for this study or lack of access to records. The four individuals with suspected germline mutations had MSI-H tumors, absent staining of hMSH2 and normal staining of hMLH1.
Additional genetic testing
After germline MMR mutations had been ruled out or was determined to be of low probability, a limited number of families underwent further molecular evaluation for AFAP, MAP or Li-Fraumeni syndrome. Two families were documented to have a genetic condition other than Lynch syndrome, and their clinical, molecular, and family characteristics are shown in Table 3 .
Proband #201 was found to have adenocarcinoma of the cecum at age 33 and no additional polyps at time of diagnosis. Esophagogastroduodenoscopy revealed a normal appearing duodenum and stomach. The family history was significant for multiple members with CRC and a sister with both CRC and uterine cancer. No family members were reported to have polyps. The family met AC and tumor analysis revealed an MSI-H tumor. Sequencing of hMLH1 and hMSH2 was normal. Four years after genetic testing of hMLH1 and hMSH2, the proband reported a brother with numerous gastrointestinal polyps, including both fundic gland polyposis and approximately 50 adenomas spread throughout the colon. Due to the history of polyps, the brother proceeded with APC genetic testing and was found to carry a deleterious mutation. The proband has not yet proceeded with genetic testing for the familial APC mutation, however subsequent colonoscopies have revealed multiple colon adenomas, consistent with a diagnosis of AFAP. The etiology of the proband's MSI-H colon tumor has not been resolved, as this tumor characteristic is not associated with AFAP. Proband # 218 had an osteosarcoma of the right tibia at age 14 and adenocarcinoma in the proximal colon at age 34. The only history of cancer in his family occurred in the paternal lineage (see Table 3 ). Due to the early onset CRC, both MSI and IHC analyses were performed and the tumor results were normal. Given the normal tumor analyses and the history of osteosarcoma, germline genetic testing of TP53 was performed. The results revealed a deleterious TP53 mutation consistent with a diagnosis of Li-Fraumeni syndrome. At time of manuscript submission, family members had not been tested for the TP53 mutation to determine the possibility of a de novo mutation.
Discussion
Here we have evaluated the largest known cohort of CRC cases diagnosed prior to age 36 for germline mutations in the MMR genes. A total of 25 (29.1%) documented or suspected MMR mutations were identified in the 86 probands with an adequate Lynch syndrome evaluation [11] [12] [13] [14] [15] . Previous studies have also found a high rate of germline mutations in very early onset CRC cases [11] [12] [13] [14] [15] . The detection rates of mutations in these studies are summarized in Table 4 . Terdiman et al. [15] found no germline mutations in 16 probands tested from a population based registry and 13 out 21 (61.9%) in probands from a high risk clinic. After adjusting for family history and other variables, medical institution remained an independent predictor of MMR defect [15] . Ascertainment bias is a likely explanation for this finding [15] . In our cohort, cancer center was not associated with mutation status.
The findings presented in Table 4 suggest that very early onset CRC cases frequently have MMR mutations. The assumed high likelihood of detecting a mutation has even been used to support testing strategies which begin with germline genetic testing (versus screening with MSI and/or IHC) in these young cases, regardless of family history [13] . However, in our cohort, when age was used as the sole testing indicator (single case indicators), only 3 of 46 (6.5%) germline MMR defects were revealed. Our findings do not support a high likelihood of detecting a mutation in early onset CRC cases, unless there is additional personal or family history of Lynch syndrome tumors. Based on these findings, cost effective testing strategies beginning with tumor analyses should be considered in these early onset cases.
Although the average age of CRC onset in hMLH1 and hMSH2 mutation carriers has been estimated to be in the 40s [1, 5, 7] , recent studies have shown that hMSH6 mutation carriers are diagnosed on average 10 years later [5, 20, 21] . Mutations in hMSH6 have also been linked to a lower risk of CRC and a higher risk of endometrial cancer [5, 20, 21] . These differences in ages of onset and associated risk suggest that hMSH6 mutations would constitute a minor fraction of very early onset CRC cases. However, we identified one germline hMSH6 mutation in our cohort and this individual was a single case indicator. Pinto et al. [22] also identified a germline hMSH6 mutation in an individual with very early onset CRC and no family history suspicious of Lynch syndrome was reported. These two cases highlight that hMSH6 mutations should not be overlooked when evaluating early onset cases for MMR mutations.
A major limitation of this current study was the variability in testing methods used to evaluate for Lynch syndrome. Certain probands only had genetic testing of the hMLH1 and hMSH2 genes and therefore mutations in hMSH6 and hPMS2 may have been missed. Clinical genetic testing for mutations in hPMS2 (a rare cause of Lynch syndrome) was not available during the time when probands were evaluated. Mutations in hMLH1 and hMSH2 may also have been missed in individuals where only [24] [25] [26] [27] . Germline mutations in TP53, associated with Li-Fraumeni syndrome, are another possible cause of early onset CRC [28] . Although no systematic analysis for germline mutations in these genes was conducted, one family was found to have Li-Fraumeni syndrome, while another was determined to have AFAP. These two families stimulate interesting hypotheses to the possible underlying genetic causes of early onset CRC. Proband #218 is a fascinating case as the differential diagnoses included two very different hereditary cancer syndromes. The early onset CRC was suggestive of Lynch syndrome, however this possibility was deemed unlikely after MSI and IHC analyses came back normal. Given the diagnosis of osteosarcoma, Li-Fraumeni syndrome was also entertained and TP53 genetic testing revealed a deleterious mutation. This case supports recent findings that Li-Fraumeni syndrome predisposes to early onset CRC [28] .
Often the feature that most easily distinguishes Lynch syndrome from individuals with APC mutations is the lack of colonic polyposis that is characteristic of individuals with germline MMR mutations. The family history of CRC for proband #201 was highly suggestive of Lynch syndrome given the absence of polyps originally reported in the family. After the brother was later found to have both fundic gland and colonic polyposis, the diagnosis of AFAP became apparent. This supports that careful attention to evolving or additional clinical features is warranted and may lead to an alternate genetic diagnosis in these young cases.
The increasing costs of molecular evaluation, the number of clinical tests available, the genetic heterogeneity, and the potential for differential diagnoses are a few of the factors that add to the complexity of evaluating early onset CRC cases for hereditary syndromes. Given these factors and the less than 10% chance of finding a mutation in single case indicators from our study, MSI and IHC analyses should be considered as the initial test, whenever possible, followed by germline genetic testing only when tumor analysis results reveal a likely MMR defect. Probands with early onset CRC and normal tumor analysis should be reassured that it is very unlikely that they have Lynch syndrome. Alternate genetic diagnoses are of concern in these early cases, although it is still unclear if germline defects in MYH, APC, or TP53 are responsible for a significant proportion of these non-Lynch syndrome CRC cases. Further studies are needed to better understand this genetically undefined group of early onset CRCs. 
